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Abstract 
High-velocity free-surface flows are complex two-phase flows and limited information is available about the 
interactions between air and water for void fractions of about 50%. Herein a detailed experimental study was 
conducted in the intermediate flow region (C ~ 50%) on a stepped spillway and the microscopic air-water 
flow characteristics were investigated. The results showed differences in water and droplet chord times with 
comparatively larger number of air chord times (0-2 ms), and larger number of water chord times (2-6 ms). 
A monotonic decrease of particle chord modes was observed with increasing bubble count rates. Several 
characteristic time scales were identified based upon inter-particle arrival time analyses of characteristic 
chord time classes as well as spectral analyses of the instantaneous void fraction signal. Chord times of 3-5 
ms appeared to be characteristic time scales of the intermediate flow region having similar time scales 
compared to the local correlation and integral turbulent time scales and to time scales associated with bubble 
break-up and turbulent velocity fluctuations. A further characteristic time scale of 100 ms was identified in a 
frequency analysis of instantaneous void fraction. This time scale was of the same order of magnitude as 
free-surface auto-correlation time scales suggesting that the air-water flow structure was affected by the free-
surface fluctuations. 
 
Highlights: (3-5 bullet points, max 85 characters each) 
 Unique characterisation of flow region with 50% void fraction in high-velocity free-surface flows  
 For 50% void fraction, largest bubble count rate, correlation time scales and turbulence levels 
 Analyses of instantaneous void fraction identified characteristic times scales  
 Chord times of about 3-5 ms characteristic time scale of flow region with equal air and water entities 
 Air-water interfaces in flow region with 50% void fraction affected by free-surface motions 
 
Keywords (maximum 6) 
High-velocity free-surface flows, Air-water time scales; Interfacial aeration, Bubble droplet interactions, 
Microscopic flow properties, Characteristic frequencies  
 
1. Introduction 
Gas-liquid flows are a common feature in water engineering applications in chemical and mechanical 
engineering such as waste water treatment plants, industrial mixing processes and aeration of liquids in 
closed conduits (RAO and KOBUS 1971; McKEOGH and ERVINE 1981; THOMAS et al. 1981). In these 
engineering disciplines, gas-liquid flows are often characterized by single bubbles or bubble swarms 
surrounded by liquids in bubbly flows with average void fractions below 30% or by single liquid droplets or 
droplet swarms surrounded by gases with void fractions above 90%. Examples for bubbly flows include 
aeration in waste water treatment facilities such as membrane reactors or mixing tanks, in boiling fluids, 
aerated flows in pipes of various inclinations and multitude of liquids (KOBUS 1984). Spray flows with very 
high void fractions occur in various applications where liquids are injected into a gas phase using mechanical 
break-up of the liquid to increase the droplet surface in misty and spray flows (WU et al. 1992; CROWE et 
al. 1998). Both bubbly and spray flows are often associated with engineered processes in industrial 
applications.  
A different occurrence of air-water flows are gravity driven flows which can be found in water falls and 
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drops, breaking waves and hydraulic jumps (HOYT ad TAYLOR 1976; HOYT and SELLIN 1989; WOOD 
1991; ERVINE 1998) (Fig. 1). A key feature of these naturally occurring gas-liquid flows is the existence of 
a range of void fractions within the air-water flow column ranging from very small void fractions furthest 
away from the free-surface to very high void fractions closest to the free-surface (STRAUB and 
ANDERSON 1958; ERVINE and FALVEY 1987). While these types of flows occur naturally, they may be 
observed in hydraulic structures, storm waterways and spillway systems of various slopes, and stilling 
basins. The air entrainment is often a key feature and linked with turbulence and boundary layer processes 
(ERVINE 1998). In high-velocity flows on spillways the air entrainment starts naturally at the inception 
point of free-surface aeration when the outer edge of the turbulent boundary layer reaches the free-surface, 
leading to a complex air-water flow mixture downstream (e.g. RAO and KOBUS 1971; WOOD 1991; 
CHANSON 1997,2013). The aerated flows are characterised by three dimensional turbulent flow processes 
in the various regions of the air-water flow column (Figure 1).  
A stepped chute is a type of spillway where a significant amount of turbulent energy is dissipated in the 
lower water column (void fraction < 30%) in interactions with the solid boundaries including recirculation 
movements in the step cavities and unsteady cavity ejection processes (CHANSON and TOOMBES 2002). 
In the upper flow region, substantial ejections of water droplets in the spray region take place (void fraction 
> 70%) (Figure 1). Figure 1A presents a prototype stepped spillway in operation. Figure 1B shows a zoom of 
the upper air-water flow region. The flow processes in both bubbly and spray regions are well researched 
with the occurrence of clearly defined air bubbles and water droplets surrounded by water and air 
respectively (e.g. MATOS 1999, OHTSU et al. 2004, FELDER and CHANSON 2011, BUNG 2011,2013). 
Similar to other bubbly and spray flows, phase detection intrusive probes and visualization techniques 
proved successful in characterizing bubble and droplet sizes within these flow regions.  
Little information is however available on the air-water region between the bubbly and spray flow regions, 
i.e. the so called intermediate flow region with void fractions between about 30% and 70%. This 
intermediate flow region is characterised by an air-water mixture with a balanced ratio between air and water 
entities, by collisions, deformations, coalescence and reformations of 'bubbles' and 'droplets'. High bubble 
count rates, large turbulence levels and large integral turbulent scales were reported in this flow region 
indicating strong turbulent and energy dissipation (e.g. CHANSON and CAROSI 2007; FELDER and 
CHANSON 2011). Despite the important role of this intermediate flow region for energy dissipation and 
mixing processes, detailed information about the air-water flow interactions are limited.  
While the intermediate flow region is typically defined between 30% < C < 70%, the present investigation 
focused upon void fractions C = 50% +/- 1% which was considered as a canonical representation of the 
intermediate flow region. The void fraction is a time-averaged measure of the gas-liquid flow and hence the 
instantaneous representation of air-water entities within the intermediate flow region is best represented by 
the median, i.e. C = 0.50 +/- 0.01. Herein this contribution is a first attempt for an in depths characterization 
of flows with equal quantity of air and water. The study provides some novel insights into the characteristic 
air-water time scales in a typical high-velocity flow on a stepped chute. 
 
(A) Stepped spillway of Paradise dam (Australia) in operation on 5 March 2013 - Flow conditions: h = 0.62 m, Q ~ 
2300 m3/s, q ~ 7.4 m2/s, dc/h ~ 2.85, Re ~ 2.9107 
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(B) Details of the upper free-surface region during the Paradise Dam spillway operation on 5 March 2013 - Flow 
conditions: h = 0.62 m, Q ~ 2300 m3/s, q ~ 7.4 m2/s, dc/h ~ 2.85, Re ~ 2.9107 
 
(C) Sketch of air-water flow regions in high-velocity free-surface flows on a stepped spillway; Positioning of phase-
detection intrusive probe in intermediate flow region with void fraction C = 0.5; Sketch of typical void 
fraction and bubble count rate distributions 
Figure 1: High-velocity free-surface flows down a stepped spillway 
 
2. Experiments and Basic Results 
2.1 Experimental facility and instrumentation 
Experiments were conducted in a large size spillway facility comprising two stepped configurations with 
plywood steps of height h = 5 cm or h = 10 cm respectively. The width of the facility was W = 1 m, the 
length L = 2.4 m and the slope was 1V:2H (θ = 26.6°). Experiments were conducted with flow rates per unit 
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width between 0.02 < qw < 0.21 m2/s corresponding to a dimensionless discharge 0.69 < dc/h < 3.3 where dc 
is the critical flow depth dc = (q2/g)1/3 and to a Reynolds number defined in terms of the hydraulic diameter of 
8.1×104 < Re < 5.7×105.  
Air-water flow measurements were conducted with a dual-tip conductivity probe with two identical probe 
tips of diameter Ø = 0.25 mm separated in longitudinal direction Δx = 7.2 mm and transverse direction Δz = 
2.1 mm. At each vertical location, each sensor was sampled at a rate of 20 kHz for 45 s as suggested by 
FELDER and CHANSON 2015).  
The post-processing of the raw Voltage data was conducted based upon a single-threshold technique 
(CARTELLIER and ACHARD 1991) providing the time-averaged void fraction C, the bubble count rate F 
and the air bubble and water droplet chord times (CHANSON and TOOMBES 2002). A threshold of 50% 
was used because it was the most suitable threshold value for the various flow regions (FELDER and 
CHANSON 2015). In further analyses, both air bubble and water droplets chords were grouped into classes 
of particle chord sizes for which a similar behavior may be expected (EDWARD and MARX 1995) and the 
inter-particle arrival times were calculated. Further investigations were based upon the spectral analyses of 
the instantaneous void fraction signals. 
The correlation analysis of the raw conductivity probe signals provided the local time-averaged interfacial 
velocity V, the auto- and cross-correlation integral time scale Txy and Txy respectively following the approach 
of CHANSON and CAROSI (2007) as well as the turbulence levels Tu of the aerated flows (CHANSON and 
TOOMBES 2002).  
Further details about the experimental facility and the instrumentation can be found in FELDER (2013). 
 
2.2 Air-water flow patterns and properties 
For a range of flow conditions (0.69 < dc/h < 3.3), flow observations and detailed measurements of the air-
water flow properties were conducted in transition flows (0.69 < dc/h < 0.96) and skimming flows (0.96 < 
dc/h < 3.3). The observations of flow patterns and flow properties were reported previously on the same 
stepped spillway facility and with the same double-tip conductivity probe as in the present study (FELDER 
and CHANSON 2011,2015). The results comprised detailed descriptions of flow patterns in transition and 
skimming flows (FELDER and CHANSON 2015) as well as documentations of air-water flow properties 
including distributions of void fraction, bubble count rate, interfacial velocity, turbulence intensity and 
integral turbulent scales (FELDER and CHANSON 2011,2015).  
Past observations of the air-water flow properties highlighted the special role of the intermediate flow region 
(30% < C < 70%) for strong air-water interfacial interactions including largest bubble count rates, turbulence 
levels and auto-and cross-correlation integral time scale as well as large transverse integral turbulent time 
and length scales FELDER and CHANSON (2015). For a central position within the intermediate flow 
region, i.e. C = 0.5 +/- 0.01, the turbulence levels were about 100-140% and the time scales about 3.5 to 5.2 
ms. The interfacial velocity exhibited a uniform profile in both intermediate flow region and spray region 
highlighting a close link between the interfacial velocities within the strongly aerated region above the 
bubbly flow region. 
 
3. Characterisation of air-water flows with 50% void fraction 
To date, no attempt has been made to provide further insights into the air-water flow interactions within the 
intermediate flow region. In this section, the air-water flow interactions for the special case of equal liquid 
and void fractions are presented. Table 1 summarises the flow conditions corresponding to C = 50% +/- 1%. 
Table 1 lists also a number of characteristic air-water flow parameters including the depth averaged void 
fraction in a cross-section Cmean, the bubble count rate F50 and the interfacial velocity V50 for void fractions of 
C = 50% +/- 1% as well as the maximum bubble count rate in a cross-section Fmax.  
The present data analyses focused upon the identification of characteristic time scales describing the air-
water flow interactions within the bulk of the high-velocity flows. These time scales comprised the air 
bubble and droplet chord times and the interparticle arrival times. Further time scales were identified using 
spectral analyses of the instantaneous void fractions. The investigations comprised a range of flow conditions 
in both transition and skimming flows in the two stepped models. Only data were taken into consideration at 
locations at least three step edges downstream of the inception point of air entrainment to exclude data in the 
rapidly varied flows just downstream of the inception point (Table 1). Herein a variety of experimental 
configurations was used for the analyses of air-water flows with 50% void fraction. 
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Table 1: Experimental flow conditions and characteristic air-water flow parameters for the investigation of air-water 
flows with void fraction of C = 0.50 (+/- 0.01) on flat stepped spillways (θ = 26.6°); Double-tip 
conductivity probe data (Ø = 0.25 mm) 
h [m] dc/h 
[-] 
qw 
[m2/s] 
Re 
[-] 
Flow 
regime 
Incep. 
point 
Cmean 
[-] 
Y90 
[mm] 
Step 
edge 
C     
[-] 
F50    
[Hz] 
V50    
[m/s] 
y   
[mm] 
Fmax 
[Hz] 
0.69 0.056 2.2×105 TRA 3 to 4 0.558 56.8 7 0.492 191.7 2.72 22 202.8 
0.69 0.056 2.2×105 TRA 3 to 4 0.415 44.8 8 0.499 227.8 2.77 26 229.0 
1.11 0.116 4.6×105 SK 6 0.375 69.8 9 0.502 191.3 3.61 44 198.4 
1.28 0.143 5.7×105 SK 6 to 7 0.374 85.4 10 0.491 172.1 3.74 54 179.9 
0.1 
 
 
1.28 0.143 5.7×105 SK 6 to 7 0.374 85.4 10 0.493 172.2 3.65 56 179.9 
0.70 0.020 8.1×104 TRA 4 0.580 30.5 10 0.497 128.2 1.92 11 130.8 
0.70 0.020 8.1×104 TRA 4 0.521 24.8 13 0.502 138.2 1.97 11 138.2 
0.70 0.020 8.1×104 TRA 4 0.507 25.5 15 0.502 144.6 1.97 12 149.0 
0.70 0.020 8.1×104 TRA 4 0.527 26.7 16 0.505 145.7 2.00 12 148.2 
0.70 0.020 8.1×104 TRA 4 0.644 34.1 18 0.498 129.0 2.06 8 134.3 
1.14 0.042 1.7×105 SK 6 to 7 0.333 33.9 15 0.497 173.3 2.62 23 181.9 
1.14 0.042 1.7×105 SK 6 to 7 0.326 31.6 17 0.507 200.2 2.67 22 203.8 
1.66 0.075 3.0×105 SK 8 to 9 0.311 46.5 11 0.495 105.6 2.77 32 106.7 
1.66 0.075 3.0×105 SK 8 to 9 0.284 44.8 17 0.508 155.7 3.00 33 162.0 
1.66 0.075 3.0×105 SK 8 to 9 0.319 48.4 18 0.492 155.3 3.00 34 165.3 
2.22 0.116 4.6×105 SK 12 0.261 56.3 17 0.492 123.9 3.43 43 125.0 
2.22 0.116 4.6×105 SK 12 0.294 59.7 18 0.510 127.3 3.51 44 131.9 
0.05 
 
2.22 0.116 4.6×105 SK 12 0.289 56.3 19 0.507 136.3 3.51 40 147.4 
 
3.1 Air bubble and water droplet chord times 
For all flow conditions with C = 50% (+/- 1%), the air bubble and water droplet chord times were calculated 
providing a measure of the sizes of the air and water entities at a fixed position in a flow region with average 
void fraction of C = 50% +/- 1%. Typical probability distribution functions are illustrated in Figure 2 
allowing a direct comparison of sizes of air and water chords for the same flow conditions. The PDFs of air 
bubble and water droplet chord times indicated differences in chord sizes for positions with identical number 
of detected particles and identical void/liquid fractions. For all data, differences between the air bubble and 
water droplet chord times were observed with a larger amount of smaller air bubble chord sizes between 0-1 
ms. The numbers of water droplet chord sizes were proportionally slightly larger for chord times between 
about 2 to 6 ms (Figure 2). 
Significant differences were also observed depending upon the characteristic bubble count rate F50 and step 
height h. The chord time distributions were regrouped into four different patterns (Figure 2). For the stepped 
spillway with h = 0.05 m, three groups with similar bubble count rates were best suited (Figures 2A-C) and 
the data for the steps with h = 0.10 m are illustrated in Figure 2D for similar bubble count rates.  
The finding of different probability functions for different bubble count rates (Figure 2) suggested some link 
between the characteristic bubble count rate F50 and the mode of the chord time PDF distributions tchmode. 
For all data, the relationship between F50 and tchmode is illustrated in Figure 9 for both step heights and for the 
air bubble and water droplet chord times. The observations indicated a monotonic decrease in the chord time 
mode with increasing bubble count rate (Figure 3). Despite large data scatter, the present data trend was 
correlated by a power law: 
916.0
50mod 8.30
 Ftch e   (1) 
Note that the number of data was limited and the inclusion of further data sets with 50% void fraction might 
provide more details about the relationship. The present results were comparable to limited observations by 
TOOMBES and CHANSON (2008) at a single backward-facing step (Figure 3). TOOMBES and 
CHANSON (2007) used surface wave modelling to show the effects of surface waves upon the air bubble 
chord sizes. The differences between air bubble and water droplet chord times in the present study might also 
be linked with periodic variation of the pseudo-free-surface affecting the distribution of air-water interfaces 
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in the intermediate flow region. 
 
Chord time [ms]
PD
F
0 1 2 3 4 5 6 7 8 9 10
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
Air phase; dc/h = 0.7, Step 10: C = 0.497; F50 = 128 Hz
Water phase; dc/h = 0.7, Step 10: C = 0.497; F50 = 128 Hz
Air phase; dc/h = 1.66, Step 11: C = 0.495; F50 = 106 Hz
Water phase; dc/h = 1.66, Step 11: C = 0.495; F50 = 106 Hz
Air phase; dc/h = 2.22, Step 17: C = 0.492; F50 = 124 Hz
Water phase; dc/h = 2.22, Step 17: C = 0.492; F50 = 124 Hz
Air phase; dc/h = 2.22, Step 18: C = 0.510; F50 = 127 Hz
Water phase; dc/h = 2.22, Step 18: C = 0.510; F50 = 128 Hz
 
(A) Chord times for 100 Hz < F50 < 128 Hz; h = 5 cm 
Chord time [ms]
PD
F
0 1 2 3 4 5 6 7 8 9 10
0
0.02
0.04
0.06
0.08
0.1
0.12
Air phase; dc/h = 0.7, Step 13: C = 0.502; F50 = 138 Hz
Water phase; dc/h = 0.7, Step 13: C = 0.502; F50 = 138 Hz
Air phase; dc/h = 0.7, Step 15: C = 0.502; F50 = 145 Hz
Water phase; dc/h = 0.7, Step 15: C = 0.502; F50 = 145 Hz
Air phase; dc/h = 0.7, Step 16: C = 0.507; F50 = 146 Hz
Water phase; dc/h = 0.7, Step 16: C = 0.507; F50 = 146 Hz
Air phase; dc/h = 0.7, Step 18: C = 0.498; F50 = 129 Hz
Water phase; dc/h = 0.7, Step 18: C = 0.498; F50 = 129 Hz
Air phase; dc/h = 2.22, Step 19: C = 0.507; F50 = 136 Hz
Water phase; dc/h = 2.22, Step 19: C = 0.507; F50 = 136 Hz
 
(B) Chord times for 129 Hz < F50 < 150 Hz; h = 5 cm 
Chord time [ms]
PD
F
0 1 2 3 4 5 6 7 8 9 10
0
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0.015
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0.025
0.03
0.035
0.04
0.045
0.05
0.055
0.06
0.065
0.07
0.075
0.08
0.085
Air phase; dc/h = 1.14, Step 15: C = 0.497; F50 = 173 Hz
Water phase; dc/h = 1.14, Step 15: C = 0.497; F50 = 173 Hz
Air phase; dc/h = 1.14, Step 17: C = 0.507; F50 = 200 Hz
Water phase; dc/h = 1.14, Step 17: C = 0.507; F50 = 200 Hz
Air phase; dc/h = 1.66, Step 17: C = 0.508; F50 = 156 Hz
Water phase; dc/h = 1.66, Step 17: C = 0.508; F50 = 156 Hz
Air phase; dc/h = 1.66, Step 18: C = 0.492; F50 = 155 Hz
Water phase; dc/h = 1.66, Step 18: C = 0.492; F50 = 155 Hz
 
(C) Chord times for 150 Hz < F50 < 200 Hz; h = 5 cm 
Chord time [ms]
PD
F
0 1 2 3 4 5 6 7 8 9 10
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
0.05
0.055
0.06
0.065
0.07
0.075
Air phase; dc/h = 0.69, Step 7: C = 0.492; F50 = 192 Hz
Water phase; dc/h = 0.69, Step 7: C = 0.492; F50 = 192 Hz
Air phase; dc/h = 0.69, Step 8: C = 0.499; F50 = 228 Hz
Water phase; dc/h = 0.69, Step 8: C = 0.499; F50 = 228 Hz
Air phase; dc/h = 1.11, Step 9: ; C = 0.502; F50 = 191 Hz
Water phase; dc/h = 1.11, Step 9: C = 0.502; F50 = 191 Hz
Air phase; dc/h = 1.28, Step 10: C = 0.491; F50 = 172 Hz
Water phase; dc/h = 1.28, Step 10: C = 0.491; F50 = 172 Hz
Air phase; dc/h = 1.28, Step 10: C = 0.493; F50 = 172 Hz
Water phase; dc/h = 1.28, Step 10: C = 0.493; F50 = 172 Hz
 
(D) Chord times for 170 Hz < F50 < 228 Hz; h = 10 cm 
Figure 2: Probability distribution functions of air bubble and water droplet chord times for void fractions of C = 0.5 
(+/- 0.01) in transition and skimming flows 
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Figure 3: Dimensionless relationship between mode of the chord time PDF and characteristic bubble count rate F50; 
Comparison with best-fit correlation (Equation (2)) and data by TOOMBES and CHANSON (2008) 
 
3.2 Inter-particle arrival times 
For a dispersed phase, the analysis of inter-particle arrival times may provide some information on the 
randomness of the air-water structure and on preferential clustering for particular classes of particle sizes. 
Herein the inter-particle arrival times were analysed for all measurement positions with C = 50% (+/- 1%) 
for five different chord time classes. Typical results are illustrated in Figure 4 comprising both air bubble and 
water droplet PDFs. Little differences in the PDFs of the inter-particle arrival times were observed between 
bubble and droplet chord time distributions for all data and most chord time classes. For all present data, 
differences were however observed for the chord time classes 3–5 ms (Figure 4D) which showed a larger 
number of smaller inter-particle arrival times for the water droplet chord times. The differences were 
associated with different numbers of air and water entities within this chord time class and for all 
experiments, the number of bubble chords was about 40-60% of the number of droplet chords (Figure 4D). 
For all other chord time classes, the numbers of bubbles and droplets were about the same. 
These findings were observed for all data in transition and skimming flows and independent of the step 
heights. The shapes of the inter-particle arrival time distributions were affected by the number of particles in 
a chord time class. A larger number of particles resulted in a proportionally larger number of smaller inter-
particle arrival times.  
The reason for these differences for the chord time class 3–5 ms remains unknown. It is in agreement with 
the observations of a comparatively larger number of droplets with chord times of 2–6 ms (Figure 2). The 
observations of the interparticle arrival time distributions for similar chord times were consistent with these 
findings. It appeared that the chord times of 3–5 ms might represent a characteristic time scale associated 
with the interaction of air bubbles and water droplets in the intermediate flow region. Interestingly the chord 
time scales were of similar magnitude compared to auto- and cross-correlation time scales and integral 
turbulent time scales observed in the intermediate flow region (CHANSON and CAROSI 2007, FELDER 
and CHANSON 2015). It is not known if there is a direct connection between the large size turbulent 
structures and the interparticle arrival times of bubble and droplet chords with chord sizes of 3–5 ms. 
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Inter-particle arrival time [ms]
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F
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Chord time: 0 - 0.5 ms
h = 0.1 m, dc/h = 0.69, Step 8: C = 0.499; F50 = 228 Hz; 2905 bubbles
h = 0.1 m, dc/h = 0.69, Step 8: C = 0.499; F50 = 228 Hz; 3070 droplets
h = 0.05 m, dc/h = 2.22, Step 19:  C=0.507; F50 = 136 Hz; 1247 bubbles
h = 0.05 m, dc/h = 2.22, Step 19: C=0.507; F50 = 136 Hz; 1010 droplets
 
(A) Chord time class: 0 – 0.5 ms 
Inter-particle arrival time [ms]
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Chord time: 0.5 - 1.5 ms
h = 0.1 m, dc/h = 1.28, Step 10: C=0.491; F50 = 172 Hz; 2250 bubbles
h = 0.1 m, dc/h = 1.28, Step 10: C=0.491; F50 = 172 Hz; 2151 droplets
h = 0.05 m, dc/h = 1.66, Step 18: C=0.492; F50 = 155 Hz; 2088 bubbles
h = 0.05 m, dc/h = 1.66, Step 18: C=0.492; F50 = 155 Hz; 1878 droplets
 
(B) Chord time class: 0.5 – 1.5 ms 
Inter-particle arrival time [ms]
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Chord time: 1.5 - 3.0 ms
h = 0.1 m, dc/h = 1.28, Step 10: C=0.493; F50 = 172 Hz; 1399 bubbles
h = 0.1 m, dc/h = 1.28, Step 10: C=0.493; F50 = 172 Hz; 1578 droplets
h = 0.05 m, dc/h = 0.70, Step 13: C=0.502; F50 = 138 Hz; 1217 bubbles
h = 0.05 m, dc/h = 0.70, Step 13: C=0.502; F50 = 138 Hz; 1295 droplets
 
(C) Chord time class: 1.5 – 3.0 ms 
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h = 0.1 m, dc/h = 1.11, Step 9: C=0.502; F50 = 191 Hz; 890 bubbles
h = 0.1 m, dc/h = 1.11, Step 9: C=0.502; F50 = 191 Hz; 1296 droplets
h = 0.05 m, dc/h = 1.14, Step 15: C=0.497; F50 = 173 Hz; 634 bubbles
h = 0.05 m, dc/h = 1.14, Step 15: C=0.497; F50 = 173 Hz; 1371 droplets
 
(D) Chord time class: 3.0 – 5.0 ms 
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h = 0.1 m, dc/h = 0.69, Step 7: C = 0.492; F50 = 192 Hz; 1025 droplets
h = 0.05 m, dc/h = 0.70, Step 18: C=0.498; F50 = 129 Hz; 1224 bubbles
h = 0.05 m, dc/h = 0.70, Step 18: C=0.498; F50 = 129 Hz; 1126 droplets
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(E) Chord time class: > 5.0 ms 
Figure 4: Inter-particle arrival times for different air bubble and water droplet chord time classes for void fractions of 
C ≈ 50% in transition and skimming flows on flat stepped spillways (θ = 26.6°) 
 
3.3 Spectral analyses of instantaneous void fractions 
The instantaneous void fraction signal represented the streamwise distribution of air-water interfaces at the 
fixed position of the conductivity probe’s leading tip. A spectral analysis was conducted for the 
instantaneous signals to identify characteristic frequencies associated with the air-water flows with C = 50% 
(+/- 1%). For each data set, an FFT analysis was conducted for 13 non-overlapping intervals of 65,536 (= 
216) points and the results were averaged (Figure 5). The ensemble averaging allowed an easier identification 
of the characteristic frequencies due to a strong scatter of data. Further sensitivity analyses were conducted 
using several filter and smoothing techniques. Little effects on the characteristic frequencies were observed 
and the ensemble averaging of 13 non-overlapping instantaneous void fraction components was considered 
suitable. 
Figure 5 illustrates typical power spectrum density functions of the instantaneous void fractions for transition 
and skimming flows, both step heights and C = 50% (+/- 1%). In Figure 5, the black curves illustrate the 
ensemble averaged data. All curves showed a range of characteristic frequencies between 0.9 and 100 Hz 
with various peaks within this frequency range (Figure 5). For all data sets, all dominant characteristic 
frequencies and the corresponding power spectrum density (PSD) were recorded. The present results differed 
substantially to observations in the bubbly flow region investigated for a similarly sloped stepped chute by 
GONZALEZ (2005).  
The characteristic frequencies for all data sets are summarized in Figure 6 as a function of the corresponding 
PSD maxima. The observations for all experiments showed consistent results as illustrated by the median 
curve (Figure 6). It appeared that a distinctive frequency of about 9-10 Hz was representative for air-water 
flows with C = 50% (+/- 1%). Similar characteristic frequencies were observed in probability distribution 
functions of the PSD values with bin sizes of 1 Hz and 3 Hz respectively (Figure 7). 
The present observation was significant since the characteristic frequencies observed in the PSDs identified a 
range of dominant time scales of the air-water interactions within the intermediate flow region for C = 50% 
(+/- 1%). The results indicated a wide range of characteristic frequencies within 2 to 100 Hz, with a 
distinctive frequency of about 9-10 Hz. That is, the interactions between the air-water interfaces were most 
energetic with relatively slow fluctuating processes with a time scale of about 0.1 s. With increasing 
frequency, and decreasing time scale, the PSD function maxima decreased monotonically (Figure 6) 
indicating a smaller contribution of the fast fluctuating interactions of the air-water interfaces. The PSD 
density function for frequencies smaller about 10 Hz showed a decrease in PSD maxima with decreasing 
frequency. 
Overall, the air-water interactions in the intermediate flow region were mostly characterised by relatively 
slow fluctuating processes, rather than very fast, rapid interactions between air bubbles and water droplets. 
The most energetic time scales were comparatively slow. 
The characteristic time scale in the intermediate flow region of about 0.1 s was used for the calculation of the 
corresponding length scale using two different characteristic velocities, i.e. the interfacial velocity V50 and 
the free-surface celerity CS. The interfacial velocity V50 was measured with a double-tip conductivity probe 
and the characteristic values are listed in Table 1. The free-surface celerity was calculated based upon the 
characteristic flow depth Y90 as a representative value of the air-water free-surface depth: 
90S YgC    (2) 
For the present data set, the resulting length scales were in the order of 200-350 mm calculated with the 
interfacial velocity V50 and in a range of about 50-100 mm for the free-surface celerity CS. These length 
scales were significantly larger than scales linked with the millimetric and sub-millimetric processes in the 
intermediate flow region. They were in a similar order of magnitude as the step heights, the cavity length and 
the air-water flow depths. 
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(A) TRA: dc/h = 0.70; qw = 0.020 m2/s; Re = 8.1×104 
Step 16; h = 5 cm: C = 0.505, F50 = 145.7 Hz 
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(B) SK: dc/h = 1.11; qw = 0.116 m2/s; Re = 4.6×105; Step 
9; h = 10 cm: C = 0.502, F50 = 191.3 Hz 
Figure 5: Spectral analysis of the instantaneous void fraction signal for void fractions of C ≈ 50% in transition and 
skimming flows; Conductivity probe signal (Ø = 0.25 mm); sampling time 45 s, sampling frequency 20 kHz 
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Figure 6: Summary of characteristic frequencies and corresponding power spectrum densities (PSD) of the 
instantaneous void fraction signals for void fractions of C ≈ 50% in transition and skimming flows on flat stepped 
spillways 
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(A) Bin size of frequency: 1 Hz 
 
(B) Bin size of frequency: 3 Hz 
Figure 7: PDF  of characteristic frequencies of the instantaneous void fraction signals for void fractions of C ≈ 50% in 
transition and skimming flows  
 
4. Discussion 
The analysis of instantaneous void fraction data with C = 50% (+/- 1%) highlighted a number of air-water 
time scales characterising the interactions between air-water interfaces. Table 2 summarises these 
characteristic time scales (upper half), while further time scales observed on the same stepped spillway 
models are also listed (middle section). In the lower part of Table 2, several other time scales for high-
velocity air-water flows are listed for comparison. 
The present findings identified chord times of 3-5 ms in the intermediate flow region which might represent 
a characteristic time scale associated with the interaction of air and water entities in the intermediate flow 
region. Such time scales were of similar magnitude as the auto- and cross-correlation time scales and integral 
turbulent time scales observed in the intermediate flow region (FELDER and CHANSON 2015). The time 
scales were also similar to time scales associated with bubble break up processes in aerated flows (Table 2). 
Available data in the literature suggested a range of typical break-up time scales of from 1.3 ms (CHANSON 
and CUMMINGS 1992), 8.5-11.8 ms (HINZE 1955; SEVIK and PARK 1973; GULLIVER et al. 1990), to 
20 ms (CUMMINGS and CHANSON 1999). While the differences in bubble break-up scales must be 
acknowledged, it is important to notice that the time scales associated with the break-up processes are of 
similar magnitude compared to the characteristic time scales in the intermediate flow region. A further 
similar time scale linked with turbulent velocity fluctuations was also very close (ERVINE and FALVEY 
1987). The agreement of characteristic chord times and integral turbulent scales for C = 50% (+/- 1%) with 
time scales associated with bubble break up and turbulent velocity fluctuations suggested a close link 
between turbulence properties and sizes of air-water entities.  
The spectral analyses of instantaneous void fractions identified a range of characteristic frequencies between 
2 and 100 Hz, independently of flow regime and of step heights, for C = 50% (+/- 1%). Frequencies of 10 Hz 
were the most energetic frequencies, corresponding to a time scale of 0.1 s. This time scale was two orders of 
magnitude larger than the characteristic integral turbulent time scales within the intermediate flow region. In 
other words, the characteristic time scale of instantaneous void fraction signal was possibly linked to large 
scale free-surface fluctuations rather than to the air-water interactions on a sub-millimetric level. Free-
surface measurements with acoustic displacement meters in the aerated flow region identified free-surface 
auto-correlation time scales of a similar order of magnitude of about 0.05-0.2 s (BUNG 2013; FELDER and 
CHANSON 2014). It is believed that this agreement confirmed some coupling between vertical free-surface 
motion and air-water flow properties, as reported previously (KILLEN 1968, WILHELMS and GULLIVER 
2005; TOOMBES & CHANSON 2007,2008). 
In contrast, cavity ejection frequencies were investigated on a flat stepped spillway with θ = 26.6° 
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(GUENTHER et al. 2013). The characteristic cavity ejection frequencies were about 0.2-1 Hz. They differed 
from the characteristic frequencies in the intermediate flow region, indicating that the cavity ejection 
processes did not impact upon the air-water flow structure in the intermediate flow region. 
 
Table 2: Summary of characteristic time scales in the intermediate flow region (C = 0.50 (+/- 0.01)). Air-water flow 
measurements on flat stepped spillways with θ = 26.6° 
Time 
scale 
[ms] 
Comment Section / Reference 
3–5 Differences in inter-particle arrival times for air bubble and 
water droplets (C = 0.50 (+/- 0.01)) 
Section 4.2 
100 Time scale based upon FFT analysis of instantaneous void 
fraction (C = 0.50 (+/- 0.01)) 
Section 4.3 
3.5–5.2 Maximum auto- and cross-correlation time scales in a cross-
section for a double-tip conductivity probes (0.3 < C < 0.7) 
Figure 7 
3–4 Maximum integral turbulent time and length scales in a cross-
section for an array of two single-tip conductivity probes for 
(0.3 < C < 0.7) 
FELDER (2013); FELDER 
and CHANSON (2015) 
50–200 Free-surface auto-correlation time scales in the air-water flow 
region (C > 0.7) 
FELDER (2013); FELDER 
and CHANSON (2014) 
1000–
5000 
Time scales based upon visual observations of characteristic 
cavity ejection frequencies (C < 0.3) 
GUENTHER et al. (2013) 
8.5 – 
11.8 
Bubble break-up time scales HINZE (1955); SEVIK and 
PARK (1973); GULLIVER et 
al. (1990) 
1.3 Bubble break-up time scales CHANSON and CUMMINGS 
(1992) 
3.6 Time scales linked with turbulent velocity fluctuations ERVINE and FALVEY 
(1987) 
20 Bubble break-up time scale in vertical supported jets CUMMINGS and CHANSON 
(1999) 
 
5. Conclusion 
Air-water flow experiments were conducted in high-velocity free-surface flows on a stepped spillway, with a 
focus on the detailed air-water interactions in the flow region with same amount of air and water phases: i.e., 
C = 50% (+/- 1%). The data comprised a range of flow conditions in both transition and skimming flows for 
two step heights. Several processing techniques of the instantaneous void fraction signal provided estimates 
of characteristic time scales. The comparison of air bubble and water droplet chord time distributions showed 
a larger number of smaller air chord times and a larger number of water chords with times of 2-6 ms. An 
interparticle arrival time analysis identified particle chord times of 3-5 ms as a representative characteristic 
time scale associated with the interaction between air-water and water-air interfaces in the intermediate flow 
region. Such time scales were of similar magnitude to the auto- and cross-correlation time scales, to integral 
turbulent time scales and to time scales associated with bubble break up and turbulent velocity fluctuations. 
A distinctive frequency of about 10 Hz was identified using spectral analyses of the instantaneous void 
fraction signals. The corresponding time scale of 0.1 s appeared to be linked with large scale free-surface 
fluctuations. Such a magnitude was similar to free-surface auto-correlation time scales indicating that the air-
water flow structure might be affected by free-surface waves. While the present results provided first in-
depth insights into the characteristics of flows with equal entities of air and water, the air-water flow 
processes within the intermediate flow region remain poorly understood and further research is needed. 
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